The host-targeted antiviral drug UV-4B reduces viral replication and promotes survival in a mouse model of experimental dengue virus (DENV) infection. UV-4B is an iminosugar that inhibits the ␣-glucosidase family of enzymes and subsequently the folding of glycosylated proteins, both viral and host. Here, we utilized next-generation sequencing to investigate evolution of a flavivirus under selective pressure by a host-targeted antiviral in vivo. In viral populations recovered from UV-4B-treated mice, there was a significant increase in the number of single-nucleotide polymorphisms (SNPs) and the ratio of nonsynonymous to synonymous SNPs compared to findings in viral populations from vehicle-treated mice. The strongest evidence of positive selection was in the glycosylated membrane protein, thereby providing in vivo validation of the mechanism of action of an iminosugar. In addition, mutations in glycosylated proteins were present only in drug-treated mice after a single passage. However, the bulk of the other mutations were present in both populations, indicating nonspecific selective pressure. Together with the continued control of viremia by UV-4B, these findings are consistent with the previously predicted high genetic barrier to escape mutations in host-targeted antivirals.
D
engue virus (DENV) is the most common mosquito-borne human pathogen. DENV can cause illnesses ranging from self-limited mild disease to severe and potentially life-threatening dengue hemorrhagic fever/dengue shock syndrome. Approximately 400 million people are infected each year with DENV (1), generally in tropical and subtropical areas, with 20,000 infections resulting in death (2) . The current standard of care consists of fluid replacement and other supportive care. There is presently no vaccine to prevent or antiviral to treat DENV infection. Recent phase IIb and III trials of an attenuated, tetrameric vaccine showed limited efficacy, especially in naive individuals and against certain DENV serotypes (3, 4). Chemotherapeutic agents effective against DENV are a pressing unmet medical need.
Replication of DENV relies on an RNA polymerase with poor proofreading capabilities. Due to this error-prone replication, many variants are formed, resulting in a quasispecies (5, 6) . Viral fitness, the replication environment, and other factors determine which mutations become fixed in the viral population. Studies suggest that there is an optimal mutation rate that produces genetic diversity while limiting the accumulation of deleterious mutations (7) (8) (9) (10) .
Antiviral treatment typically results in the eradication of susceptible variants. This eradication, however, leaves replicative space for minor populations of resistant viruses to expand. This can result in the antiviral regimen failing (11, 12) . The important role of minor subspecies in accelerated resistance has been shown in various viruses, including HIV (13) and hepatitis C virus (HCV) (12) . In the case of HCV and influenza virus, drug-resistant strains arise due to single-nucleotide polymorphisms (SNPs) (14, 15) , which are easily acquired due to the error rate of the RNA polymerase.
An antiviral that targets a common host pathway could subvert the issues of viral heterogeneity and the emergence of drug-resistant mutants. Host-targeted antiviral therapies are thought to have an elevated barrier to resistance because host factors are genetically more stable than viral factors. Additionally, in the case of ␣-glucosidase inhibitors, multiple viral proteins are affected, pre-sumably making the route to an escape mutant more complex. Finally, targeting a host pathway that is commonly used by all replicating DENV serotypes, not to mention numerous other viruses, has the potential for broad application.
Dengue viral particles assemble in the endoplasmic reticulum where the glycosylation machinery of the host is required to modify envelope and membrane glycoproteins to form immature viral particles (16) . Compounds that disrupt glycosylation can cause viral glycoproteins to misfold, ultimately resulting in reduced assembly, secretion, and infectivity of viral particles (17, 18) . Iminosugars are monosaccharides that target the host enzymes ␣-glucosidase I and II (19, 20) . It has been shown that iminosugars affect the folding of the prM protein of DENV and subsequently the formation of the prM-E complex (21) . Recently, we tested the iminosugar UV-4B for efficacy in a mouse model of severe dengue-like disease (22) . Treatment of 129/Sv mice deficient in type I and type II interferon (IFN) receptors (AG129) with UV-4B, even when it is administered as late as 48 h postinfection, reduces viral titers and cytokine levels and promotes survival.
Next-generation sequencing (NGS) methods have greatly expanded our ability to characterize minor variants in viral populations and to monitor how these variants respond to antiviral agents (23) (24) (25) . Deep-sequencing methods have been used to detect resistance mutations to virus-based antivirals during treatment for influenza virus (26) , HIV (27) , hepatitis B virus (28) , and hepatitis C virus (29) . In vivo studies of viral quasispecies evolving under selective pressure by antivirals have been completed in human subjects but typically only after antiviral failure. Most also focus on a few previously identified resistance mutations to virustargeting antivirals (23, (30) (31) (32) .
Here, we present the first in vivo study of flaviviral evolution under selective pressure by a host-targeted antiviral compound. We sequenced viral populations from treated or untreated mice at the peak of viremia (22) . In the UV-4B treated mice, we found that there was an overall increase in SNPs and an increase in the ratio of nonsynonymous to synonymous SNPs. These findings suggest that there is increased selective pressure on DENV in the presence of UV-4B. Increased specific selective pressure appeared to be preferentially located in glycosylated viral proteins. However, the bulk of mutations were present in both treated and untreated populations, indicating some level of nonspecific selective pressure. Additionally, viremia remained controlled by the presence of UV-4B, with no evidence of viral escape even after several passages in vivo.
MATERIALS AND METHODS
Viruses. Generation and preparation of DENV2 strain S221 was described previously (33, 34) . Viral stocks were grown in C6/36 cells and concentrated by ultracentrifugation (35) . The number of genomic equivalents (GE) was determined using real-time reverse transcription-PCR (RT-PCR) (35, 36) .
Mouse experiments. STAT1
)129/Sv mice were bred and housed under specific-pathogen-free conditions at the La Jolla Institute (LJI). Mice were treated orally three times daily (TID; at 8-h intervals) with UV-4B (at 100 mg/kg of the active product UV-4) dissolved in water or with water alone (vehicle) for 72 h, starting at Ϫ1 h relative to infection. Doses were corrected for the 11.4% higher molecular weight (MW) of the test article, UV-4B (UV-4, MW 319.44; UV-4B is a UV-4 HCl salt, MW 355.90). After 30 min, 1 ϫ 10 10 (passage 1 and singlepassage experiment) or 1 ϫ 10 8 (passages 2 to 5 of multiple-passage experiment) GE of the S221 challenge virus resuspended in phosphate-buffered saline (PBS) with 5% fetal calf serum (FCS) was administered via intravenous (i.v.) tail vein injection. On day 3 of each passage, mice were euthanized, and blood was collected by cardiac puncture. Serum was separated, and a small aliquot was used for RNA isolation for the purpose of determining viral titer and sequencing. The next passage group of three mice was infected with serum diluted to 1 ϫ 10 8 GE/dose (passages 2 to 5 of the multiple-passage experiment only). The animal work described here was conducted under animal protocols approved by the LIAI Institutional Animal Care and Use Committee.
Viral RNA harvest and quantification. Immediately following isoflurane overdose, blood was collected from mice by cardiac puncture and separated using serum collection tubes. Viral RNA was isolated from serum using Qiagen Viral RNA isolation kits. To maximize RNA yield, the final product was eluted twice with 40 l of buffer, yielding a total of 80 l. DENV2 quantitative RT-PCR (qRT-PCR) was performed on serum samples pooled from three mice (multiple-passage experiment) or from each of the 10 mice (single-passage experiment), and the viral titer in GE per ml of serum was determined (35, 36) .
Sequencing and analysis. RNA library preparations, sequencing reactions, and initial bioinformatics analysis were conducted at Genewiz, Inc. (South Plainfield, NJ, USA). RNA samples were quantified using a NanoDrop 2000 (ThermoFisher Scientific, Waltham, MA, USA), and RNA integrity was checked with a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Illumina TruSeq RNA library preparation, clustering, and sequencing reagents were used throughout the process according to the manufacturer's recommendations (Illumina, San Diego, CA, USA). The samples were clustered on one lane of a flow cell and sequenced using a 1-by-50 single-read (SR) configuration. Image analysis and base calling were conducted by the HiSeq Control software (HCS) on a HiSeq 2500 instrument. One mismatch was allowed for index sequence identification. To determine how the virus population changed with each passage, the sequence of each passage was compared to a reference sequence of the virus generated from the input virus used to infect the first set of mice (i.e., passage 1).
For assembly of the reference sequence (input virus grown on C6/36 cells), the 34,188,426 reads corresponding to the input reference sequence were aligned to cow (bovine serum medium supplement) and mosquito (C6/36 cells) as a filter to remove any non-dengue virus reads. The reads were filtered out using Bowtie2 (version 2.0.2) (37). The remaining reads were analyzed using a Trinity RNA-Seq de novo assembler (r2012-10-05) with a standard parameter set (38) . Among the assembled contigs was one full-length (10,712-bp) DENV2 sequence, which was used as a reference in subsequent analyses (GenBank accession number KM587709).
Data from pooled and individual samples of passaged mouse serum were processed analogously, using more sensitive Bowtie2 parameters. SNPs were called using FreeBayes software, which uses a Bayesian model to derive the probability of an SNP at each position, or P SNP , given the read sequence and quality information (39) .
The fraction of nonsynonymous mutations over all of the nucleotides in a protein versus the same quantity for synonymous mutations was calculated. At each position in the nucleotide alignments to the reference sequence, the fractions of wild-type sequence, synonymous SNPs, and nonsynonymous SNPs were calculated. The sum of these fractions over a given subprotein was used to calculate the overall ratio of nonsynonymous to synonymous SNPs.
Plaque assay for measuring infectious DENV titers in mice. The infectious titer of DENV2 strain S221 in animal tissues was determined by plaque assay as previously described (40) . Briefly, 2 ϫ 10 5 BHK-21 cells were seeded in 24-well plates in 1ϫ minimal essential medium (MEM; Gibco) supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin, and HEPES. Confluent monolayers were infected with 100 l of diluted infected serum. After a 1-h incubation, BHK-21 cells were covered with 1 ml of 1% carboxymethyl cellulose in 1ϫ MEM (2% FBS, penicillin, streptomycin, and HEPES). Four days later, cells were fixed with 4% paraformaldehyde and stained with 1% crystal violet diluted in 20% ethanol. Plaques were scored visually and expressed as number of PFU per ml.
RESULTS
DENV does not acquire mutations that increase fitness during replication in vivo in the presence of UV-4B. To determine if UV-4B places selective pressure on DENV replication in vivo, we sequentially passaged DENV2 strain S221 in STAT1 Ϫ/Ϫ /2 Ϫ/Ϫ mice treated orally (intragastrically, i.g.) with vehicle only or with 100 mg/kg UV-4B. The STAT1 Ϫ/Ϫ /2 Ϫ/Ϫ mice are the most susceptible mouse model to DENV infection so far described (36) and thus represent a highly stringent in vivo challenge system. During each passage, treatment with UV-4B or vehicle only was initiated at 1 h before infection and continued three times per day (TID) until harvest. In the first passage, three mice treated with vehicle only and three mice treated with UV-4B were each infected with 1 ϫ 10 10 GE of S221. Blood was harvested by cardiac puncture at 72 h postinfection (hpi) as this time point is the peak of viremia in DENV-infected mice, occurring just prior to potentially losing mice to severe disease (22) . Nonstructural proteins are present in the tissues of infected mice within 6 h of infection (41) , suggesting that another replication cycle could begin as early as 6 h postinfection. Based on studies of a related flavivirus, West Nile virus, flaviviral virions are typically released from cells starting at 8 to 10 h after infection, and a full replication cycle of flaviviruses may be as much as 12 to 16 h, depending on the cell type (42) . Therefore, at least 4.5 replication cycles may have occurred during one 72-h infection. Serum was separated from the harvested blood and pooled for each group of three mice. A portion of the pooled serum was separated for RNA isolation to determine the DENV titer and for next-generation sequencing (NGS). The remaining serum was used to infect another two groups of three mice with the highest viral titer possible while still infecting each mouse with equal titers (1 ϫ 10 8 GE/mouse for passages 2 to 4, 100-fold less than passage 1) under the same conditions (TID treatment with vehicle or UV-4B). This process was continued for a total of four passages (Fig. 1A ). As expected from the 100-fold decrease in virus input from passage 1 to passage 2, there was a decrease in virus output harvested at 72 hpi (Fig. 1B) . As seen in previous studies (22) , treatment with UV-4B reduced viremia to 10 to 30% of that of vehicle-treated mice (Table 1; Fig. 1B) . To determine the infectivity of the output virus, we determined the ratio of GE to PFU of the UV-4B-and vehicle-passaged samples. Serum from the first passage was used to perform BHK cell-based plaque assays since the virus would never pass directly from one mammal to another under normal conditions. The ratio of GE to PFU was similar between the UV-4B-passaged (5.56 ϫ 10 4 ) and vehicle-passaged (7.69 ϫ 10 4 ) samples. These results suggest that the mutations that increase viral fitness in the presence of UV-4B have not been acquired after the first passage. After further passaging, which equates to at least 18 replication cycles, the fitness of drug-treated viruses had still not reached that of viruses passaged in the absence of the drug (Fig. 1B) . Although there was some fluctuation, UV-4B was still controlling viral replication to nearly the same level as seen in passage 1 (passage 4, 18.8%; passage 1, 11.9%) ( Table 1 ). The variability is likely due to mouse-to-mouse variation, as can be seen in the single-passage experiment ( Fig. 2A ; see also Table 5 ).
Fluctuation and accumulation of mutations in passaged virus in the presence of UV-4B or water vehicle treatment. To identify mutations acquired during passaging, RNA sequencing was performed on the original input virus and on the pooled serum after each passage. Each passaged sample produced 4.5 to 10 million reads, with 90% mapping to the mouse genome and 0.17 to 1.2% mapping to DENV, resulting in 60-to 600-fold coverage of the dengue genome (Table 2) .
SNPs in the passaged samples were identified using FreeBayes to compare to the input virus. We found 33 significant SNPs (P SNP Ͻ 0.05) in either the UV-4B-or vehicle-treated samples in at least one time point. Eight SNPs were located in the untranslated region, and 12 SNPs in coding regions did not result in an amino acid change (synonymous SNPs). We focused our attention on the remaining 13 SNPs located in coding regions that lead to an amino acid change (nonsynonymous SNPs) ( Table 3 and Fig. 1C ). These 13 SNPs are shown in Table 3 with the ratio of the percentage of the viral population with the SNPs in UV-4B-treated mice to that of vehicle-treated mice. Some of the nonsynonymous SNPs appeared in early passages but dropped below the level of significance (positions 9692, 8807, 9144, and 832) or were undetectable (positions 4389, 4050, 7136, and 1283) by the fourth passage. These SNPs are possibly due to genetic drift and are less likely to have an impact on DENV fitness in the presence of drug. The remaining four nonsynonymous SNPs-at positions 8813, 842, 9134, and 6803-were prevalent in the UV-4B-treated samples throughout the four passages. However, 12 of the 13 nonsynonymous mutations were found in both the UV-4B-and vehicletreated groups, indicating that the mutations are not due to specific positive selection. Instead, these mutations may be the result of mutagenesis or changes in the viral population structure due to the drug. Mutations that are nonspecific to the drug mechanism of action would not create escape mutants. Presumably, these nonspecific mutations improve viral fitness even in the absence of UV-4B.
Although informative, the previous experiment has two notable limitations. First, DENV is normally passaged alternately between invertebrate (mosquito) and vertebrate (human) hosts; thus, a single passage in vertebrates (mice) is more physiologically relevant than studying multiple passages from vertebrate to vertebrate. Second, pooling samples for sequencing can dilute individual mouse-specific responses. To address these limitations, we next performed a single passage and sequenced viral RNA from individual mice.
Mutations are stochastic and highly variable between mice. Two groups of 10 mice each were infected with 1 ϫ 10 10 GE of S221 and treated with either vehicle or UV-4B. After 72 h, we collected serum and performed qRT-PCR to determine the viral load. The average viral load in the UV-4B-treated mice was almost 10-fold less than that in the vehicle-treated animals (P ϭ 0.0404, unpaired t test) ( Fig. 2A) , which is in agreement with the previous multiple-passage experiment.
As before, viral RNA in the serum samples was sequenced, and FreeBayes was used to identify SNPs in the passaged samples. Synonymous and nonsynonymous mutations were identified in each DENV protein (see Table S1 in the supplemental material). As UV-4B affects protein glycosylation, we focused on the 19 nonsynonymous mutations in glycosylated DENV proteins: membrane (M), envelope (E), and NS1. Only one mutation at position 842 was found in both experiments. However, because the mutation was found throughout passaging with the control in the multiple-passage experiment, it is presumed not to be specific to the drug mechanism. None of the other SNPs found in the multiplepassage experiment were observed in the single-passage experiment, including SNPs that were present in 30 to 50% of the population after a single passage. It is possible that these SNPs are present but not at high enough levels above the sequencing error rate to reach significance in the single-passage experiment. This result indicates that the viral response to antiviral pressure can be highly stochastic. In addition to the prM mutation at position 842, we identified 18 other nonsynonymous mutations in glycosylated proteins. These mutations were present at significant levels in at least 1 of 10 UV-4B-treated mice and did not appear in any control mice. Table 4 lists these mutations ranked by the average percentage at which they appeared in mice with the mutation. These mutations are present only in the UV-4B-passaged samples, and therefore each could be important in the development of UV-4B resistance and should be monitored in circulating viral populations.
We next analyzed the number of mutations that accumulated in the single-passage experiment. Based on a P SNP value of Ͻ0.05 and a coverage threshold of 10, the DENV population from vehicle-treated mice had an average of 4.2 significant SNPs (range of 1 to 24), whereas viruses from UV-4B-treated mice had an average of 62 (range of 5 to 173) ( Table 5; see also Table S1 in the supplemental material), a statistically significant difference (P ϭ 0.0027, Mann-Whitney test assuming a nonlinear relationship). In accordance with previous and expected results, the vast majority of reads mapped to the mouse genome. The number of reads that map uniquely to DENV (RMD) varied greatly across the entire experiment. Most samples from the vehicle-treated mice had 10 to 100 times more RMD than those from the UV-4B-treated mice. This is to be expected, considering the differences in viral titers ( Fig. 2A and Table 5 ).
In vehicle-treated samples with high numbers of RMD, the Positions are given in nucleotides. The mutation at position 4050 is the only mutation in the multiple-passage experiment that was found in only the drug-treated group. Frequency is expressed as the ratio of the percentage of the viral population with the mutation in UV-4B-treated mice to that in vehicle-treated mice. The color gradation from orange to red reflects increases in the ratio.
parent population likely makes up a majority of the quasispecies population. Therefore, in many of the vehicle-treated samples, the very low mutant populations are diluted because they did not occur significantly above the sequencing error rate.
Alternatively, in situations where the parent population is controlled by some factor, the number of RMD remains low. These situations include the UV-4B-treated samples and two control samples (Table 5, vehicle 2 and vehicle 3) . In these samples, virus growth is dampened by the combined effects of the antiviral treatment and individual mouse-specific differences. In vehicle 2 and -3 samples, the log GE/ml and RMD values are similar to the values of many of the treatment samples (Table 5 , UV-4B-treated samples 1 to 3 and 7 to 10). In all of these samples, the parent population stays low and controlled, and many mutations are detectable. Plotting the ratios of SNPs to RMD in each mouse showed that there are far more SNPs per RMD in the UV-4B-treated mice than in the vehicle-treated group (Fig. 2B) . This result suggests that UV-4B promotes more viral evolution than vehicle alone. However, many of these mutations are present in both vehicle-and drug-treated samples, and none of the 10 UV-4B-treated mice showed signs of a successful escape mutation as the viral RNA levels remained controlled.
Given the increased prevalence of SNPs in DENV isolated from UV-4B-treated mice, we next sought to determine if any individual protein showed an increased number of SNPs. To do this we calculated the ratio of nonsynonymous to synonymous mutations for each protein. Using this ratio, we can compare the extent of positive (purifying) selection in DENV isolated from vehicle-and UV-4B-treated mice. Table 6 ranks DENV protein sequences isolated from UV-4B-treated mice from the highest to lowest level of positive selection, based on the ratio of nonsynonymous to synonymous mutations. Two of the four glycosylated proteins (marked with an X), membrane (0.30) and NS1 (0.26), have the high values. The other two glycosylated proteins, premembrane and envelope, rank fifth and seventh, respectively, out of the 12 viral proteins. Under vehicleonly conditions, the average across all proteins is 0.0017; under UV-4B conditions, the average is 0.11, demonstrating that there is much more positive selection going on in most proteins under the UV-4B treatment condition (Table 6 and Fig. 2C ). In particular, much of this selective pressure seems to be targeting the glycosylated proteins. While 18.8% of nonsynonymous mutations in nonglycosylated proteins are found in both vehicle-and drug-treated samples, only 5% of nonsynonymous mutations in glycosylated proteins are found in both. This indicates that there is more nonspecific selective pressure inflicted by UV-4B in nonglycosylated proteins. However, that a portion of the mutations are present in both groups suggests that there is positive selection that is not specific to the mechanism of action of UV-4B. Alternatively, the drug acts as a mutagen or otherwise interferes with viral population structure that leads to an increased accumulation of mutations. However, the observation that the ratio of nonsynonymous to synonymous mutations observed was consistently higher in the drug-treated samples argues for selection of these mutations. A possible explanation is that these mutations are favorable for an aspect of viral replication in vivo and that this same aspect becomes even more crucial in the presence of the drug. This interpretation is consistent with our observation that an even greater difference between the UV-4B and vehicle treatments is found in mutations in untranslated regions (UTRs; 13-fold) than in coding regions (6-fold) (Table 7) . However, even under this heightened positive pressure, a mutant that is as fit as the virus in samples treated with vehicle only has not been identified (Table 1 and Fig. 1B ).
DISCUSSION
In this study, we developed an experimental approach to monitor the evolution of DENV in response to the host-targeting antiviral UV-4B. While the presence of some mutations in both treated and untreated (vehicle-only) populations suggest that these mutations can be attributed to mouse passaging, our results demonstrate that there is a group of mutations present in glycosylated proteins only under UV-4B treatment conditions which are likely attributed to the specific mechanism of the drug. Even in the presence of mutations that we attribute to the activity of UV-4B, we find no evidence of a true escape mutant after four serial passages consisting of at least 18 rounds of replication in mice. This finding supports the theory that there is a high genetic barrier for the evolution of escape mutants in the presence of a host-based antiviral.
In general, we find more positive selection in DENV when infected mice are treated with UV-4B than when they are treated with vehicle only. The fact that a subset of these mutations are present in both drug-and vehicle-treated mice suggests that some of the positive selective pressure can be attributed to a nonspecific cause unrelated to the mechanism of action of the drug. It is possible that the drug itself is acting as a mutagen or otherwise interfering with viral population structure, leading to an increased accumulation of mutations. However, given that the ratio of nonsynonymous to synonymous mutations observed was consistently higher in the drug-treated samples argues that these mutations are selected for. A possible explanation is that these mutations are favorable for an aspect of replication of the virus in vivo and that this same aspect becomes even more crucial in the presence of the drug.
A different subset of mutations are present in only the drugtreated samples, and many of these mutations are present on glycosylated viral proteins, which is unsurprising given that the drug decreases the folding efficiency of glycosylated proteins (21) . While 18.8% of nonsynonymous mutations in nonglycosylated proteins are found in both vehicle-and drug-treated samples, only 5% of nonsynonymous mutations in glycosylated proteins are found in both. This indicates that there is more nonspecific selective pressure inflicted by UV-4B in nonglycosylated proteins. We highlight several mutations in glycosylated proteins that may contribute to drug resistance in Table  4 . In addition, multiple mutations in the NS5 protein suggest that viral replication may be broadly impacted by UV-4B. Regardless, there is no evidence of a true escape mutant even after four serial passages consisting of at least 18 rounds of replication in mice. This finding supports the theory that there is a high genetic barrier for the evolution of escape mutants in the presence of a host-based antiviral.
Virus evolution under pressure from antivirals has been studied mostly in the context of direct antiviral agents. As such, the antiviral activity can often be overcome by a single mutation. For example, individual SNPs are responsible for resistance of HCV to daclatasvir and of influenza A virus to oseltamivir (14, 15) . In contrast to the published reports on directly acting antivirals, it is possible that the virus in this study did not undergo enough replication cycles to allow a resistant mutant to develop.
The most thorough studies of a host-based antiviral have fo- cused on the mutagenic effects of ribavirin. A study of the evolution of HCV in patients treated with ribavirin or interferon or both used consensus sequencing (43), which does not identify mutants that exist in Ͻ20% of the population. Another study used deep sequencing to identify strains of HCV that evolved to be as fit in the presence of ribavirin as wild-type virus in the absence. The relevance of this and other in vitro studies to infections in vivo is not always clear (44) . In individuals infected with HCV, virions with each single mutation and every possible double mutation combination are made daily and are likely to exist in the population at all times (45, 46) . These calculations are based on the error rate of the RNA polymerase, the genome size, and the number of virions produced daily. The estimated error rate for the DENV RNA polymerase is similar to that of HCV (10 Ϫ5 to 10 Ϫ6 per copied nucleotide). While the genome size of DENV is similar to that of HCV at ϳ11 kb, we do not know the number of virions that are produced each day in human patients or in our mouse model. Therefore, we cannot extrapolate the same calculations to DENV. Work on HCV and other RNA viruses has demonstrated that the mutant spectrum of RNA viruses can be extensive. Yet after multiple passages, each with multiple viral replication cycles, a DENV with superior fitness in the presence of UV-4B did not evolve. This finding suggests that high levels of resistance to UV-4B could require numerous mutations in multiple genes.
In the single-passage experiment, which may be more physiologically relevant than the multiple-passage experiment, more SNPs occurred under pressure from UV-4B, indicating that antiviral therapy increases viral genetic diversity. High genetic diversity can alter the population biology of RNA viruses and influence their fitness in dynamic environments and when they face population bottlenecks. The effect that this altered genetic diversity has on the fitness of the passaged virus is an important question that can be addressed in future studies using reverse genetics.
It is possible that by focusing on nonsynonymous SNPs, we are ignoring changes related to splicing or mRNA transport. However, it is clear that the sum total of all the changes, synonymous and nonsynonymous, has not resulted in a population that is as fit in the presence of UV-4B as the wild type in its absence.
Four successive passages through a vertebrate host is not physiologically relevant as natural DENV transmission alternates between human and mosquito. However, we sought to apply consistent selective pressure to force mutations potentially resulting in resistance to UV-4B. By doing so, we were able to identify specific mutations that may already be contributing to the level of replication we see after one passage, or at least 18 rounds of replication. The ratio of nonsynonymous to synonymous mutations suggests that higher levels of positive selection are occurring in specific proteins, particularly glycosylated proteins, especially considering that these mutations are present only in the UV-4B-treated samples. As UV-4B begins clinical trials, clinicians can take into consideration the mutations and proteins we have identified as contributing to viral fitness in the presence of UV-4B. The mutations can be sought in circulating DENV strains, and differences in viral replication in UV-4B-treated patients could be attributed to the presence of mutations in glycosylated proteins NS1 and membrane. It is possible that a combination of many mutations is required to reach a virus that is as fit in the presence of UV-4B as in its absence. However, the genetic barrier to achieve this is likely high because in this study, after 18 in vivo rounds of replication, we could not demonstrate generation of such escape as a consequence of UV-4B treatment in vivo.
As UV-4B is now entering clinical trials, the amino acid changes found in the single-passage experiment provide a framework for predicting potential mutations in patients. We found that treating mice with UV-4B applies both nonselective and selective pressure, resulting in enhanced genetic diversity. More specific positive selection was observed, as expected, in glycosylated proteins and, unexpectedly, in NS5, which suggests that UV-4B perhaps has a broad impact on viral replication. Despite continuous forced drug pressure over 18 replication cycles resulting in increased accumulation of mutations, a virus with increased fitness was not observed. We predict that it is unlikely that UV-4B-resistant viruses will emerge in humans.
